In this study, we introduced a new unit, named "protein token", as a dynamic protein structural unit for protein-protein interactions. Unlike the conventional structural units, protein token is not based on the sequential or spatial arrangement of residues, but comprises remote residues involved in cooperative conformational changes during protein interactions. Application of protein token on Ras GTPases revealed various tokens present in the superfamily. Distinct token combinations were found in H-Ras interacting with its various regulators and effectors, directing to a possible clue for the multiplexer property of Ras superfamily. Thus, this protein token theory may provide a new approach to study protein-protein interactions in broad applications.
generate multiple sequence alignment (MSA) of the orthologous protein sequences. The evolutionary rates of H-Ras token residues and non-token residues were then estimated by using Rate4Site [13] , which takes the MSA as input.
Editing distance calculation of token combinations. The set of tokens extracted from a RIUN form a specific token combination. The tokens can be divided into three classes according to the presence of residues belonging to protein domains: (1) Class 1 tokens are composed of both domain residues and residues not belonging to any domain, (2) Class 2 tokens are formed by more than one domain residues, (3) Class 3 tokens contain a single domain residue only. Then, we introduced edit distance to evaluate the dissimilarity between two token combinations of the same protein. Given two token combinations C 1 ={T 1 (1) , T 2 (1) ,…, T N (1) } and C 2 ={T 1 (2) , T 2 (2) ,…, T M (2) }, where T i ={A i1 ,…, A ij ,…, A iL } represents a token and A ij denotes the ID number of a member residue j, we defined the following operations:
Residue deletion: remove a residue from a token.
Residue insertion: introduce a new residue to a token.
Residue substitution: change the ID number of a residue in a token.
Token deletion: remove a token from a token combination.
Token insertion: introduce a new token to a token combination.
Because it is hard to measure the free energy of an operation in physics, different operations in this study are equally important and reversible. Like the Hamming distance [14] of two strings in information theory, the editing distance between two token combinations is defined as the minimum number of operations to transform a token combination into the other, which brings the only value to measure the similarity between two different token combinations.
Protein dynamic simulation (MD) and residue root-mean-square deviation (RMSD) calculation.
VMD [15] was used to remove water molecules from a PDB file and to generate a PSF file by using the topology file top_all27_prot_lipid.inp of the CHARMM force field [16] Then the protein structure was put into a water sphere and generated a new PDB file and a PSF file. A molecular dynamic simulation using NAMD [15] were performed by taking these files as input. During simulation, the temperature and time step were set at 310K and the 2fs/step, respectively. The average RMSD of each residue in a protein was calculated using VMD.
Results
Small GTPases work like molecular switches of the signal transduction systems. They are active when bound to GTP and inactive when bound to GDP [17] . Here, we investigated the conformational changes between active and inactive states for seven different Ras superfamily proteins [18] , including H-Ras and Rap-2a (Ras subfamily), Rab-4a and Rab-11a (Rab subfamily), RhoA and RhoC (Rho subfamily) and Arf6 (Arf subfamily). As the workflow shown in Figure 1A , given two functional states of a protein, we first constructed a RIN for either state. Here, we generated two RINs for each small GTPase (P) studied, one for the active state (P/GTP) and the other for the inactive state (P/GDP). We then merged the two RINs into a RIUN (P/GDP, P/GTP), and extracted the topological clusters from the RIUN by using a network analysis tool. Figure 1B shows the RIUN of H-Ras. The extracted clusters composed of G domain residues were also present in figure 1C . These clusters can be divided into three classes regarding the participation of G domain residues. Class 1 clusters are hybrids of residues belonging to G domains and other parts, such as the cluster that includes the G5 domain residue A146 and other four non-G domain residues. Class 2 clusters have more than one G domain residues, such as the cluster composed of switch II residues Q61, E62 and E63. Class 3
clusters contain one single G domain residue, for example, the cluster formed by switch I residue I36
alone. Furthermore, some of these clusters have special topological structures including triangles (such as cluster of G10, A11 and K16) and hexagons (such as cluster of Y64, S65, A66, M67, R68
and D69).
Switch II domain is the main part of small GTPases and it moves upon activation by GTP [17] . And residue interaction rearrangements of its RIUN clusters exhibit more dynamic than others ( Figure 1C ).
We examined the topological clusters covering switch II residues of different Ras superfamily proteins suggesting these topological clusters are conserved in protein evolution. Since the edges correspond to residue interactions, the topological clusters capture the cooperation between residues involved in conformational changes of small GTPase state transition ( Figure 2B ). Hereafter, we termed these conserved sub-domain topological structures "protein tokens".
To get a further understanding of protein tokens, we investigated tokens covering different H-Ras domains involved in transitions between the inactive state and active states when complexing with Byr2 and PI3K [19] , respectively. The G1 domain tokens of (H-Ras/GDP, H-Ras/GTP) and (HRas/GDP, H-Ras/Byr2) have two triangles, while those of (H-Ras/GDP, H-Ras/PI3K) include only one triangle ( Figure 2C ). The switch II tokens of (H-Ras/GDP, H-Ras/GTP) include one triangle and one hexagon, but those of (H-Ras, H-Ras/Byr2) and (H-Ras, H-Ras/PI3K) contain one pentagon and one triangle or quadrilateral ( Figure 2D ). These results reveal that these conserved topological structures exist in different domains of a protein and rearrange with different interacting partners. We analyzed the motion of residues between the inactive and active states by calculating |∆RMSD|, the absolute value of residue-wise RMSD difference, in molecular dynamics simulation. It was found that two peaks are present on the G1 domain |∆RMSD| profile of (H-Ras/GDP, H-Ras/Byr2), while there is only one peak for (H-Ras/GDP, H-Ras/PI3K) ( Figure 2C ). And all the switch II |∆RMSD| profiles have two peak regions ( Figure 2D ). The number of peak regions matches the number of tokens, and the token patterns change with the |∆RMSD| profiles of a domain. This observation means that protein tokens capture conformational changes associated with protein interactions. We also calculated the evolutionary rates of H-Ras token residues and non-token residues (Supplementary Information Figure S1 ). We found the average evolutionary rate of token residues is slower than those of nontoken residues (p= 0.00038) and all residues (p=0.0027) of H-Ras, which indicates the conservation of token residues. All the above results indicate that protein tokens are units for protein conformational changes in state transition involved in protein interactions with topological and evolutionary conservation.
As a hub protein in the protein interactome, H-Ras works in the manner of a multiplexer. That is a particular GEF activates the small GTPase, which in turn selects and binds a particular effector [3] .
We analyzed several effectors, including Byr2, NORE1A, RalGDS and PLC-ε, which interact with HRas through their Ras binding domains (RBDs) [19] . The secondary structure alignment of these RBDs exhibits a high degree of similarity ( Figure 3A ). This observation suggests that the multiplexer property of H-Ras requires more than static structure recognition, which means the multiplexer property of H-Ras could not be simply explained in terms of functional domains. Considering that small GTPases rely on the intrinsic plasticity of their structures combined with stereochemical properties of residues [3] , we resorted to the concept of protein tokens. We generated the protein tokens of (H-Ras/GDP, H-Ras/Partner), where Partner includes the RBDs of effector Byr2, NORE1A, RalGDS, PLC-ε, and PI3K-γ as well as a regulator SOS-1 [19] (Supplementary Information Figure   S2~S7 ). Tokens of H-Ras functional domains were divided into three classes of residue sets ( Figure   3B ). We calculated the edit distances between these different token combinations and found that the token combination of H-Ras/Byr2 RBD complex resembles that of H-Ras/SOS-1 complex than other complexes ( Figure 3C ). In cellular signal transduction, the main effector of SOS-1-activated H-Ras is Raf [19] and Byr2 is a Raf homologous protein. Therefore, this result reveals a possible connection between protein tokens and PPI preference that distances between different token combinations may represent the multi-specificity of a hub protein as a multiplexer in PPIs.
occurred more frequently with highly coevolved residues, such as V9, Y32, I36, A59, Q61, E63 and Y71 [21] , which are also part of protein tokens.
The limitation of protein tokens is that they are hard to be manipulated to modulate the functions of a protein in experiments. Because protein tokens are based on residue cooperation in a conformational change, it cannot be simply removed or substituted like domains or sectors. Artificially change of protein tokens means to redesign RIN of a protein, and will needs further research in future.
Furthermore, according to the latest version of COSMIC database [23] , 29 residues of H-Ras have cancer-related mutations. We found that 14 of them are covered by protein tokens. This result indicates that protein tokens are of functional significance and may bring a new approach to study the molecular mechanisms of diseases in a broad concept. Table S1 . The list of PDB structure files used in this study. Figure S1 . Evolutionary rates of H-Ras residues Figure S1 . (A) Distribution of evolutionary rates of token residues, none-token residues and all residues of H-Ras. (B) Average evolutionary rates of token residues, non-token residues and all residues of H-Ras (p: p-value of t-test). 
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